It is known that high-resolution electron microscopy (HREM) can provide quantitative information on the properties of crystalline materials. The HREM patterns of layered structures of III-V semiconductors vary with the chemical composition of the latter within the sublattices, which is also influenced by interdiffusion. Local variations of the crystal cell similarity are recorded for image analysis and compared with templates of known material composition.
Introduction
Besides spectroscopic and analytical methods of microstructure physics, electron microscopy (EM) can reflect the nature of semiconducting structures. Advanced techniques of III-V compound crystal growth such as, e.g. molecular beam epitaxy (MBE), allow one to produce III-V heterostructures. The quality of the inherent interfaces has to be controlled and optimized for subsequent opto-electronic applications. As is well known, the conditions at the interfaces are also influenced by interdiffusion processes in the two sublattices. Heterostructures ranging from multilayer systems to quantum dots are increasingly studied. For physical reasons the samples are often preprocessed, e.g. by thermal treatment (induced diffusion). The GaAs-based semiconducting materials studied here are built up of cubic crystal cells (ZnS-type sphalerite structure) with a lattice spacing of about 0·56 nm. Depending on the orientation of the crystals prepared for electron microscopy (cf. (100) and (110) images below), different interference patterns of the electrons scattered can be recorded.
High-resolution electron microscopy (HREM) is an appropriate technique to yield crystalline images which contain structural and chemical information with nearly atomic resolution. The technique of chemical mapping developed by Ourmazd et al. (1990) for the system (Al,Ga)As(100) is based on vector pattern recognition methods. Substantial contributions to the chemical mapping of III-V compounds have also been made by De Jong & Van Dyck (1990) , Thoma & Cerva (1991) and Walther et al. (1993) . The more general QUANTITEM approach, developed by Schwander et al. (1993) , is not limited to special crystal orientations and chemical reflections; it enables potential mapping to be done. Stenkamp & Strunk (1996) described a method of determining defocus, thickness and composition from high-resolution lattice images.
The present paper introduces very general fuzzy logic (FL) approaches, initiated by Tyan & Wang (1993) , which also give near-atomic resolution. Based on simulated data as well as experimental ones the principles of two FL approaches are derived and described. In analysing and combining the values of image cell similarities, the image processing tools of edge detection and compositional mapping will be applied to HREM patterns. It is our aim to quantitatively interpret HREM images of GaAs-based materials by FL data analysis, especially with respect to compositional barriers (interfaces) and to the chemical distributions of Ga,Al in the group III sublattice and As,P in the group V sublattice. The FL schemes established for image interpretation are of universal and flexible nature avoiding the need for analytical calculus. According to the physical prerequisites, which will be discussed later, they can be adjusted to any known composition/similarity characteristics. These findings will be followed by a critical discussion of experimental limitations and alternative FL approaches for highly nonlinear relations between the III-V chemistry and the HREM cell similarities.
Before the FL tools developed for analysing HREM images are introduced, some fundamentals of FL will briefly be pointed out. The ideas of FL have been proposed and mainly worked out by Zadeh (1965) . Fuzzy information that is compared to prototype properties is described by linguistic variables (solid, warm, fast, similar, . . .). The degree of truth can be presented graphically by membership functions [0,1] (triangles, Gaussian type functions, etc.). These membership functions are combined by a set of fuzzy rules, e.g. of 'if . . ., then' type. The specific kind of membership functions as well as the FL rule base, also called expert knowledge, have to reflect the studied context. Set-theoretic operations and the defuzzification (see below) allow one to draw quantitative conclusions. Fuzzy logic is typically applied to control theory, approximative reasoning and FL decision making.
The methodology of fuzzy set theory and its applications have been studied and published by Zimmermann (1991) . FL usage in control theory is discussed, e.g. by Pedrycz (1993) ; for a review see also Seraphin (1994) . Questions of 'possibility', 'evidence' and 'probability', which are of great importance to quantitative data analysis, are discussed, e.g. Fig. 1 . Simulated HREM contrast tableaus of III-V crystals with varying sublattice composition; similarity profiles j nrm , related to the templates (right). (a) Al xGa 1¹x As(100): t 0 ¼ 17 nm, D ¼ 25 nm, vert. variation of Al/Ga, 30% noise; (b) GaAs 1¹x P x (100): t 0 ¼ 12 nm, D ¼ 30 nm, vert. variation of As/P, 40% noise. Accelerating voltage U ¼ 400 kV, aberration C s ¼ 1 mm (insets: templates).
by Klir & Yuan (1995) . In his book Bezdek (1981) discusses statistical terms known for classical mathematics in view of FL. Within the scope of the present paper, the reader is referred to Bezdek (1981) , where the terms 'likelihood', 'fuzzy-statistical criterion', 'Bayesian classifiers' and 'maximum likelihood estimation' are described. Here, the main emphasis is on the practical points of deriving FL membership functions and fuzzy rules.
Method
For developing techniques of quantitative image analysis for material systems given, clear and comprehensive images are desirable. Computer simulations of HREM contrast tableaus are very helpful for systematically studying the contrast behaviour of crystalline materials. The two physical processes that have to be described numerically include the dynamical electron diffraction within the crystal and the nonlinear imaging process within the electron microscope. Nowadays, the following approximations are numerically implemented (Stadelmann, 1987 ) and successfully applied: 1 the multislice algorithm of dynamical electron diffraction, 2 the contrast transfer formalism of partial coherence.
In Fig. 1 the stepwise chemical replacement of Ga by Al in the group III sublattice as well as of As by P in the group V sublattice are modelled and analysed. The statistical atomic exchange in the respective lattice positions can be approximated by the so-called VCA interpolation, described by Stenkamp & Jäger (1993) . Figure 1 shows HREM patterns simulated from (100)-orientated Al x Ga 1¹x As (a) and GaAs 1¹x P x (b) crystals for an accelerating voltage of 400 kV and for C s ¼ 1 mm. These tableaus are made up of crystallographic cells 32 × 32 pixels in size with the crystal thickness linearly increasing from left to right (cf. lettering). To simulate selective imaging conditions, an underfocus of about 30 nm was predetermined. In the vertical direction, the Al/Ga and As/P ratios are stepwise varied by 10%. For approaching realistic experimental conditions, additive amorphous noise is superimposed, which amounts to 30% (a) or 40% (b) of the total contrast.
There are clear differences between the GaAs cell images and the AlAs and GaP patterns. They are caused by the different group III and group V components in the crystals. Contrary to the GaAs contrast features, for GaP the strong (200) reflections dominate the HREM basic patterns for extended parameter windows with bright dots at spacings of 2·8 Å . There are comparable results for the group III sublattice of (Al,Ga)As(100) in Fig. 1(a) , where AlAs has rather stronger polarity.
A systematic comparison of the resulting HREM patterns shows that their relative similarity correlates with the variations of the chemical composition in the marked thickness ranges. For reviewing quantitative dissemblance measures in digital pattern recognition the reader is referred, e.g. to Diday & Simon (1976) . Of the number of similarity measures tested, including the normalized scalar product, I preferred the standard deviation (SD) of the difference patterns of two compared images (Hillebrand & Hofmeister, 1995) . The values obtained from a compositional series proved to be closest to linearity. The measure of similarity S ¼ j(I d ) of two images I u and I v of a cell size of m × n pixels is calculated from the absolute difference
where j is standard deviation (SD), and I 0 is the mean value of I d . Applying the SD measure with respect to the corresponding two internal templates of (Al,Ga)As and Ga(As,P) shown yields 2 × 2 series of similarity values along the marked columns. The corresponding profiles on the right of Fig. 1 characteristics j nrm ¼ j/j max in the parameter windows for t ¼ t 0 Ϯ 1·5 nm. The possibilities of studying diffusion phenomena in the group V sublattice by HREM image analysis are treated extensively elsewhere (Hillebrand et al., 1996b) . As Fig. 1(b) indicates for a major experimental window of t/D combinations, the compositional gradient of Ga(As,P) interfaces can be determined. The present paper will focus on heterostructures of the III-V compound system Al x Ga 1¹x As.
The interface model of Fig Figure 3(a) displays the similarity distribution of the simulated HREM images around the vertical interface. The dark areas present a strong dissimilarity, i.e. white cells mark the identity with the corresponding template. From left to right at the bottom of Fig. 3(a) there is the expected smooth transition of grey values. The effect of the 30% of amorphous noise on such similarity matrices is distinct, because the size of the template is chosen to be 1/2 × 1/2 crystal cell (asymmetric unit). Figure 3 (b) displays two histograms of the normalized similarity values related to the given templates. They show two pronounced maxima, which refer to the image areas far from the interface. The similarity values between are related to the interface positions. The separation of the peaks and their half-widths are determined mostly by the size of the model and the amorphous noise. In addition, the height and the shape of the peaks vary with the share of the corresponding image areas.
Fuzzy logic membership functions are shown schematically in the histograms of Fig. 3 (b), and will be described in more detail below. For edge detection, the two fuzzy sets of similarity s_A and s_B have to classify the histogram values of similarity in the closed intervals S ʦ [0,1]. In the region of intersection of both triangular membership functions the corresponding image cells are members of A and B simultaneously. The two fuzzy sets are symmetric, with their degree of intersection varying. (The reader is referred to Fig. 7 for the experimental data sets of cell similarities as well as the FL membership functions used for compositional mapping.)
The idea of the FL approach to compositional edge detection consists of the evaluation of masks of neighbouring image cells. Their degree of similarity with respect to the templates is transformed into membership values, which are interpreted by FL rules to infer the properties of the crystal cell (i,j). The size of masks necessary to identify distinct image changes was studied, e.g. by Wang (1985) for different kinds of objects and recording techniques. Figure  4 (a) shows schematically the search for similarity edges in HREM images. In the image analysis both fuzzy sets s_A and s_B are applied to each of the six cells inside the 2 × 3 mask, yielding the fuzzy variables S i;j¹1 ; S i;j ; S i;jþ1 ; and S iþ1;j¹1 ; S iþ1;j S iþ1;jþ1 :
The unusual size of 2 × 3 masks was chosen (Hillebrand et al., 1996a) in order to maintain as much lateral image information as possible of the cell-type micrographs. According to the fuzzy rules, graphically represented for edges parallel to the image borders (1) to (4), and for edges in diagonal direction (5) to (8), fuzzy sets of composition are obtained. The fuzzy variable of composition C(i,j) represents the result of the inference. For variable C the two fuzzy sets a(ltered) and u(nchanged) are defined, where set a identifies the positions of edge-type similarity and composition, respectively. With the degree of intersection (cf. Fig. 3a , bottom) even widely varying, only one crystal cell in a monotonic gradient of composition is identified as an edge. The formulated fuzzy rules exclude each other with respect to the conclusions. For this reason, defuzzification may be carried out by the fast 'maximum method' (Kahlert & Frank, 1993) , i.e. the highest degree of membership determines the result.
For compositional mapping (cf. Fig. 4b ) three fuzzy sets of similarity, similar, medium and different are defined, abbreviated to s, m, d. They are to classify the values of similarity gained by comparing the image cells to templates A and B, respectively, as applied to the experimental example in Fig. 7 . The masks of neighbouring cells (i,j) and (i þ 1,j) are pre-orientated perpendicular to the interface. The image analysis is based on a tailored formalism combining the fuzzy sets of one A-related and one B-related mask. The following fuzzy variables are defined: If there are combinations of cell similarity values, which do not fulfil any of the FL rules (1)-(13), no composition can be concluded. Further fuzzy rules may be added to render some kind of drop-out correction by allowing one of the four FL conditions per rule to be violated.
For practical applications of this FL rule base, the shape, the base size and the intersections of the actual membership functions have to reproduce the similarity/composition characteristics of the III-V system under investigation. The quasilinear case of (100)-orientated GaAs 1¹x P x has been analysed using triangular fuzzy sets of similarity (Hillebrand et al., 1996b) for varying chemical gradients in the group V sublattice. In this paper, both quasilinear and highly nonlinear similarity/composition characteristics of Al x Ga 1¹x As are studied in detail using trapezoidal and triangular membership functions of similarity (for experimental details see Fig. 7 ).
The two FL approaches introduced are briefly demonstrated by means of the Al x Ga 1¹x As interface model of Fig.  2 . In Fig. 5(a-c) , the edge detection technique is applied to the similarity distribution, which in Fig. 3 is shown for the (Al,Ga)As interface. The blurred contours are most distinctly there. In Fig. 5(a) , all eight FL rules of the algorithm established (cf. Fig. 4a ) are applied to analyse the data of similarity. The interface course is clearly visible with little dropouts, where the different model types join each other. They can be explained by the intentionally very small size of the 2 × 3 mask. The plots of Fig. 5(b,c) show the excerpts from both the parallel and the diagonal selective rule base. It is obvious that they both contribute to the detection of pronounced composition changes.
In Fig. 5(d,e) the FL interpretation scheme of composition mapping is applied to the matrices of cell similarity shown 
ð4Þ if S i;j A is s and S iþ1;j A is m and S i;j B is m and S iþ1;j B is d; then Cði; jÞ is c Am ð5Þ if S i;j A is m and S iþ1;j A is s and S i;j B is d and S iþ1;j B is m; then Cði; jÞ is c Am ð6Þ if S i;j A is m and S iþ1;j A is m and S i;j B is m and S iþ1;j B is m; then Cði; jÞ is c m ð7Þ if S i;j A is s and S iþ1;j A is d and S i;j B is d and S iþ1;j B is s; then Cði; jÞ is c m ð8Þ if S i;j A is d and S iþ1;j A is s and S i;j B is s and S iþ1;j B is d; then Cði; jÞ is c m ð9Þ if S i;j A is m and S iþ1;j A is d and S i;j B is m and S iþ1;j B is s; then Cði; jÞ is c mB ð10Þ if S i;j A is d and S iþ1;j A is m and S i;j B is s and S iþ1;j B is m; then Cði; jÞ is c mB ð11Þ if S i;j A is m and S iþ1;j A is d and S i;j B is s and S iþ1;j B is m; then Cði; jÞ is c mB ð12Þ if S i;j A is d and S iþ1;j A is m and S i;j B is m and S iþ1;j B is s; then Cði; jÞ is c mB ð13Þ if S i;j A is d and S iþ1;j A is d and S i;j B is s and S iþ1;j B is s; then Cði; jÞ is c B:
in Fig. 3 . The corresponding membership functions are discussed in connection with the more relevant experimental applications in Fig. 7 . The Al/Ga composition reliefs determined clearly reflect the tendency of the chemical gradients in the model. For the composition graph 5d, the interface model of Fig. 2 was analysed using a cell size of exactly one crystallographic unit cell. During the HREM image simulations 30% of amorphous noise was superimposed, limiting the resolution attainable. It is obvious that for a cell size of ½ × ½ unit cell, assumed in Fig. 5(e) for the 3D composition graph, the noise becomes critical. The linear composition gradient in front of the model is no longer unambiguously detectable.
Applications
In interpreting simulated HREM patterns of interfaces one should consider that the crystal cell sizes and the cell positions in the image field are exactly known. The effect of lateral cell/template misalignments is discussed elsewhere (Hillebrand et al., 1995a (Hillebrand et al., , 1996b . Practical aspects of QUANTITEM, also with respect to the crystal cell detection in experimental images, are discussed by Kisielowski et al. (1995) . Contrary to III-V compound crystals of (100) orientation, (Al,Ga)As(110) HREM images are known to have only small experimental t/D windows, with the cell similarity varying almost proportionally to the group III composition. Figure 6 shows part of an experimental HREM image of an AlAs/Al 0.4 Ga 0.6 As interface in cross-section. The image of the MBE-grown material was taken in a JEOL microscope at an accelerating voltage of 400 kV. Studying the quality of the interface as well as extracting the Al/Ga profiles require reference templates to be established. Parts of them are shown on the left and on the right of Fig. 6 . HREM images of the system (Al,Ga)As are assumed to be nearly free of lattice mismatch and strain. For crystallographic reasons, the two internal templates have to be obtained by The histograms of cell similarity for both difference maps are represented in Fig. 7(a) . The graphs clearly reveal two well-distinguishable peaks with a range of similarity transitions (interface) between. Unlike the Al 0.4 Ga 0.6 As template (B), the AlAs template (A) provides a good symmetry with respect to both parts of the HREM image. In detail, Fig. 7(b) illustrates the fuzzy sets of similarity (s, m, d) defined for neighbouring cells and related to A (left) and B (right), respectively. The trapezoidal membership functions referring to the fuzzy sets 'similar' and 'different' ensure that extended image areas of nearly template type and micrographs of little noise (narrow peaks) are properly evaluated. In Fig. 7 (c) the five triangular fuzzy sets of composition are defined.
The four values of similarity measured in comparison to both templates provide degrees of membership (y-axis) for the corresponding functions (cf. arrows). The fuzzy rules (1-13) control the decisions on membership in the resulting sets of composition (bottom). The conjunction of the four logical ands in the fuzzy rules is provided by the corresponding minimum of memberships. The defuzzification of the resulting composition scheme, indicated by an arrow in Fig. 7(c) , is carried out by the 'centre of gravity method' (Zimmermann, 1991) , which has a weighted interpolating effect. Physical prerequisites such as the conservation of matter in the sublattices and the monotonicity of chemical gradients are considered in this approach to HREM image analysis.
The results of the FL image analysis of the Al/GaAs micrograph are summarized in Fig. 8 . Part (a) shows the output of the FL edge detection procedure. In practice, the fuzzy rules (1-8) can provide a closed trace of edge-type similarity/composition variation as shown in the image plane. It is possible to derive clearly parameters of interest for HREM investigations of III-V materials such as the position and course of interfaces in micrographs. The interface analysed here is relatively smooth. Nevertheless, the FL methodology allows one to distinguish two parts of the interface that have different features.
In the 3D compositional map of Fig. 8(b) , the two matrices of similarity values are utilized and evaluated by FL inference (see Fig. 7 ). As can be expected from the edge detection, the chemical gradient in the group III sublattice is not constant over the whole interface region studied. The data analysed in this graph provide interpretable and valuable profiles of the chemical diffusion gradient as shown in Fig. 8(c) . For computing the profile in the two interface segments, the two axes of the plot have to be calibrated: 1 the magnification, the scale or the number of cells in the image (x-axis), 2 the chemical composition of the two templates (plateaus in the y-axis).
The parameters of physical interest for the III-V diffusion studies (see also Tan et al., 1991) such as the slope can clearly be derived for the two identified segments of the interface. Practical problems of template fit, caused by distorted HREM images of strained crystals, are discussed elsewhere (Hillebrand et al., 1996b) . It proved to be complicated to derive templates representative of the two materials in the corresponding images. While the edge detection algorithm clearly could identify an interface although only one template was of sufficient quality, the FL chemical mapping technique required both matrices of cell similarity to be appropriate. This fact does not restrict the FL technique of image analysis; it is a problem of data acquisition in preprocessing. Improving the sensitivity of the approach to experimental applications requires the individual cell by cell fit of the templates to compensate geometrical imperfections of the crystalline images, as also reported by Ourmazd (1993) .
In section 4 analysis of simulated HREM images of (Al,Ga)As(110) interfaces for highly nonlinear and nonmonotonic similarity/composition relations are described. It is the aim to generalize this FL approach of compositional mapping for these cases and to discuss the necessary physical prerequisites.
Discussion of alternative FL approaches
The FL interpretation scheme introduced proved applicable to the HREM images of chemically modified III-V materials even if remarkable deviations from linear composition/ similarity characteristics arise. Then the base size (support) of the corresponding FL membership functions has to follow the similarity/composition characteristics of the considered III-V system. However, if one of the two profiles of similarity is no longer monotonic, revealing an extremum somewhere between the two template compositions, the rule base and/ or the membership functions of similarity introduced are violated. This is studied for III-V compounds of <110> orientation under practically relevant imaging conditions, followed by a discussion of possible solutions.
Before simulating the HREM images of the next interface model, t/D tableaus of AlAs and Al 0.4 Ga 0.6 As for the polar (110) crystal orientation were computed by the EMS package (Stadelmann, 1987) . The simulated contrast tableaus of (Al,Ga)As(110) allow one to identify experimental thickness/ defocus combinations close to t ¼ 28 nm and D ¼ 60 nm, which provide optimum conditions to distinguish the HREM patterns of AlAs and Al 0.4 Ga 0.6 As. Figure 9 shows HREM simulations of (Al,Ga)As(110) interface models, varying the Al/Ga slope from an abrupt step to a smooth linear mode (middle), as the model profiles on the right show. Each of the III-V crystal cells is represented by an array of 22 × 32 pixels. For the imaging parameters specified in the figure captions, variations in composition by steps of 10% are used to establish the HREM barrier image. The matrices of cell similarities, obtained by the introduced template comparisons, are presented as half-tone graphs in Fig. 9(b) . The graph related to AlAs (right) clearly shows that the gradation in the central linear part of the model is no longer monotonous (cf. darkest area). The transitions between the different classes of similarity result from the 20% of amorphous noise assumed and from the 3D plot routine used.
Inspecting the corresponding similarity profiles in Fig. 10(a) (right) reveals that the AlAs-related curve has a prominent maximum, whereas the slope of the other profile is very low for medium compositions. Physically, this particular behaviour is due to phase-and reference origin-related problems of nonsymmetrical N-beam cases. Using the established fuzzy rules and the standard FL membership functions here implies contradictions. The FL rules do not fit all those pairs of similarity that violate the criterion of monotonocity. If none of the FL rules is fulfilled, it is impossible to conclude any composition (Fig. 10a, left) . In the profile gained for linear composition changes the tendency of Al/Ga variations is not reproduced at all. Basically, in the FL field two objects can be adapted to the problem: 1 the set of FL rules, 2 the membership functions.
Before doing that, a preprocessing technique of the similarity data is physically introduced. It can be assumed for one interface that the composition gradients in both of the III-V sublattices are always monotonous. In other words, diffusion does not occur uphill (without additional driving forces). For this reason it can be concluded that all changes of composition and consequently also those of 'rectified similarities' have to proceed in one sense. For the FL analysis of this <110> system of (Al,Ga)As, the AlAsrelated similarity profile is to be rectified. Figure 10 (b) illustrates the realization of this kind of similarity preprocessing perpendicular to the interface, marked on the right by arrows. On the left, Fig. 10(b) shows the FL composition profile obtained from similar values of the linear composition gradient. For ranges of medium composition the gradient of the composition profile is too weak, resulting from the only slight slope in the similarity characteristics.
If all the composition/similarity information required is available to characterize one III-V interface, the membership functions can be adapted to optimize the FL inference scheme. The bottom part of Fig. 10 shows how the membership functions of similarity are fitted to the centre of the similarity distribution (S ¼ 0·65) by a linear offset. The form and the intersection of the membership functions are taken over. The two different types of symbols in the bottom scheme represent both similarity profiles for linear composition changes. The set of fuzzy rules and the fuzzy sets of composition also remain unchanged. As the final result (Fig. 10c, left) , the FL output approaches the linearity of the model, shown in the central part of Fig. 9 . An FL scheme adapted to specific III-V data is suitable to analyse any other interfaces of the material system considered.
For further improvement of FL approaches, the methodology of neuro-fuzzy can be proposed to optimize the size (geometrical form, support, intersection) of the membership functions for a given rule base. In principle, the similarity values and the target function of composition behind the profiles of similarity are mapped into a neural network with the aim of generating perfect membership functions. In this way it is possible to compensate final nonlinearities in an FL interpretation scheme of III-V HREM images. In a preliminary study (Hillebrand et al., 1995b ) the support of each fuzzy set of similarity has been defined in direct proportion to the SD step found in the calibration curve of linear composition changes. Experimental noise and measuring errors can be expressed by a corresponding degree of intersection of the single fuzzy sets (ambiguity) of similarity. The resulting fuzzy sets of composition are defined by a support proportional to the 'mean absolute value' of the two corresponding SD steps, i.e. the rectification is implicitly done via the membership functions of composition. In this way, the principle of chemical monotonicity is implemented and strong changes in the similarities provide the reaction required in the inference of composition. In the corresponding relief graph of chemical composition, the defuzzification provides solutions for each of the direct combinations of the AlAs and Al 0.4 Ga 0.6 As data of similarity.
After introducing and applying the FL approach of quantitative image analysis to simulated as well as experimental examples of III-V materials, possibilities have been discussed of adapting the FL inference scheme to more general similarity/composition characteristics. These alternative approaches will be verified experimentally by making use of the monotonicity criterion of diffusion.
Conclusions
HREM images of GaAs-related heterosystems are interpreted quantitatively with respect to their III-V sublattice composition. The introduced image processing tools of edge detection and compositional mapping are based on the analysis of the similarity of image cells by comparing them with templates of known composition. Traditional techniques of image preprocessing and data acquisition provide matrices of similarity values. To profit from the potentiality of FL (see also Hillebrand et al., 1997) , the HREM images of III-V semiconductor interfaces are analysed by FL interpretation schemes.
The FL rules of edge detection derived for neighbouring image cells (2 × 3 masks) combine two triangular membership functions of similarity to identify image positions of distinctive changes. The FL rule base, established for compositional mapping, allows one to analyse the similarity of neighbouring image cells (2 × 1 masks) relative to two templates of known composition. The values of similarity are transformed into trapezoidal and triangular membership functions to draw inference on the local composition of one of the sublattices. The resolution attainable is in the order of one crystallographic lattice parameter. The approaches have been applied successfully to interpret simulated contrast tableaus of interfaces as well as experimental micrographs of MBE-grown layered structures of (Al,Ga)As (Al/Ga variation).
If the similarity/composition characteristics are known to be highly nonlinear, the base size of the fuzzy sets can be adapted. Physical prerequisites to FL schemes of nonmonotonic similarity/composition ratios are discussed and the corresponding attempt is applied to simulated Al,Ga(110) barrier models.
It can be concluded that the FL methodology is an effective and useful tool for solving problems of quantitative HREM image analysis. Tailored FL rules and adequate membership functions basically allow one to analyse even other image features of HREM micrographs.
